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ABSTRACT
Time r e v e r s a l  i n v a r i a n c e  i n  n u c l e a r  f o r c e s  i s  i n v e s t i ­
g a t e d  u s i n g  t h e  e l e c t r o m a g n e t i c  i n t e r a c t i o n  p r e s e n t  i n  a 
Yi (mixed ) - ^ 2, t r i p l e  a n g u l a r  c o r r e l a t i o n  e x p e r i m e n t .  I f  
t im e  r e v e r s a l  i n v a r i a n c e  does  n o t  h o l d ,  a t e rm  in  t h e  t r i p l e  
a n g u l a r  c o r r e l a t i o n  f u n c t i o n  odd u n d e r  %'s i n t e r c h a n g i n g  
m u s t  be p r e s e n t .  The asymmetry i s  measure*!, in  t h e  i s o t o p e  
M n ^ .  The r e s u l t  i s  s i n  G = 0 . 33 - 0 . 27.
i
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1I  INTRODUCTION
W ith  t h e  a d v e n t  o f  s p e c i a l  and g e n e r a l  r e l a t i v i t y  and 
p a r t i c u l a r l y  t h e  d e v e lo p m e n t  o f  quantum m e c h a n ic s ,  t h e  r o l e  
p l a y e d  b y  symmetry p r i n c i p l e s  i n  p h y s i c s  h a s  been  g r e a t l y  e n ­
h a n c e d .  These symmetry p r i n c i p l e s  a r e  t h e  i n v a r i a n c e  o f  a 
p h y s i c a l  p r o c e s s  t o  t h e  p a r i t y  o p e r a t o r ,  P ,  t o  t h e  c h a rg e  
c o n j u g a t i o n  o p e r a t o r ,  C, and t o  t h e  t i m e - r e v e r s a l  o p e r a t o r ,  T. 
O t h e r  o p e r a t o r s ,  t o  w h ic h  a p h y s i c a l  p r o c e s s  may be i n v a r i a n t ,  
may be c o n s t r u c t e d  f ro m  t h e s e  b a s i c  t h r e e ;  v i z . ,  CP, CT, PT, 
and CPT,
The law o f  c o n s e r v a t i o n  o f  p a r i t y  i s  a r e s u l t  o f  a 
p h y s i c a l  p r o c e s s  b e i n g  i n v a r i a n t  t o  t h e  sp a ce  r e v e r s a l  o p e r a ­
t o r ,  P ,  d e f i n e d  as  r e v e r s i n g  t h e  se n se  o f  t h e  t h r e e  c o - o r d i n a t e
a x e s ,  b u t  r e t a i n i n g  p a r t i c l e —>• p a r t i c l e ,  and t  >-t. Mach’ s
p r i n c i p l e  (C. Sc llu, 1 9 6 6 ) ,  w h ic h  h a s  been  lo n g  a c c e p t e d ,  
s t a t e s  t h a t  t h e  laws o f  p h y s i c s  a r e  c o m p l e t e l y  s y m m e t r i c a l  t o  
t h e  P o p e r a t i o n .  The c h a rg e  c o n j u g a t i o n  o p e r a t o r ,  C, i s  d e ­
f i n e d  as  p a r t i c l e — ^ - a n t i p a r t i c l e  , ~r ^"r,  and t — >t.  I n v a r i ­
ance  t o  t h e  charge  c o n j u g a t i o n  o p e r a t i o n  means t h a t  t o  e v e r y  
s t a t e  of a sy s tem  o f  p a r t i c l e s ,  t h e r e  c o r r e s p o n d s  a n o t h e r  
s t a t e  i d e n t i c a l  in  a l l  r e s p e c t s  e x c e p t  f o r  p a r t i c l e  a n t i ­
p a r t i c l e  i n t e r c h a n g e .  ‘The t i m e - r e v e r s a l  o p e r a t o r ,  T, i s  d e -
v  - V
f i n e d  as  t —> - t ,  p a r t i c l e — ^ p a r t i c l e ,  and r -— > r .
R e c e n t l y ,  i t  was u n e q u i v o c a l l y  p ro v e n  (G. S. Wu e t  a l . ,
1 9 5 ?) t h a t  t h e  law o f  c o n s e r v a t i o n  o f  p a r i t y  i s  v i o l a t e d  i n
6 0b e t a  decciy. The d e c a y  p a r t i c l e s  f rom r a d i o a c t i v e  Co showed
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2a p r e f e r e n t i a l  d i r e c t i o n  w i t h  r e s p e c t  t o  t h e  n u c l e a r  s p i n  in  
v i o l a t i o n  o f  Mach’ s p r i n c i p l e .  F u r t h e r m o r e ,  in  t h e  same e x ­
p e r i m e n t ,  i t  was a l s o  p r o v e n  c o n c l u s i v e l y  (0. S. Wu, 1966) 
t h a t  i n v a r i a n c e  t o  C i s  v i o l a t e d .  I t  was t h e n  s u g g e s t e d  t h a t  
r a t h e r  t h a n  p r o c e s s e s  b e i n g  i n v a r i a n t  t o  P and C, t h e y  were 
i n v a r i a n t  t o  t h e  combined o p e r a t i o n  CP. CP i s  d e f i n e d  a s  p a r ­
t i c l e — a n t i p a r t i c l e , r - »  - r ,  t — ^-t.
C ron in  and F i t c h  (E. P .  W ig n e r ,  1965>) have o b s e r v e d  t h a t  
CP seems t o  be v i o l a t e d  i n  K® meson d e c a y .  I t  i s  p o s s i b l e  f o r  
a p h y s i c a l  p r o c e s s  t o  v i o l a t e  any  o f  C, P ,  T o r  c o m b i n a t i o n s  
o f  two of  t h e s e ;  h o w e v e r ,  a c c o r d i n g  t o  t h e  CPT t h e o r e m  (C. S.
Wu, 1 9 6 6 ) ,  p r o c e s s e s  m ust  be i n v a r i a n t  t o  th e  t r i p l e  o p e r a t o r ,  
CPT. One may deduce  f rom  t h e  CPT theo re m  t h a t  i f  CP i s  v i o l a t e d ,  
t h e n  T must  be v i o l a t e d .  Also i f  P i s  v i o l a t e d ,  t h e n  one of  
t h e  o t h e r  o p e r a t o r s  C o r  T s h o u ld  be v i o l a t e d .
The p o s s i b i l i t y  o f  t e s t i n g  t im e  r e v e r s a l  In n u c l e a r  
f o r c e s  was s u g g e s t e d  by J a c o b so h n  and H e n le y  ( J a c o b s o h n  and 
H e n le y ,  1 9 ^ 9 ) .  The p r o c e d u r e  i n v o lv e d  t h e  s t u d y  o f  a 
t r i p l e  c a s c a d e  t o  d e t e r m i n e  w h e t h e r  T v i o l a t i n g  t e r m s  e x i s t e d  
in  t h e  t r i p l e  a n g u l a r  c o r r e l a t i o n  e x p r e s s i o n .
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3I I  THEORY
A. . The T heory  o f  A n g u la r  C o r r e l a t i o n
i .  I n t r o d u c t i o n .  V/hen a n u c l e u s  u n d e r g o e s  s u c c e s s i v e  
e m i s s i o n s  ( c a s c a d e )  o f  q u a n t a ,  t h e r e  e x i s t s  a c o r r e l a t i o n  b e ­
tween  t h e i r  d i r e c t i o n s  o f  e m i s s i o n s .  To u n d e r s t a n d  t h i s  p h y ­
s i c a l l y ,  one may c o n s i d e r  a l a r g e  number of  i d e n t i c a l  n u c l e i ,  
a b o u t  t o  u n d e rg o  a s i n g l e  e m i s s i o n ,  w i t h  t h e i r  s p i n  v e c t o r s  
o r i e n t a t e d  i n  one d i r e c t i o n .  The d i r e c t i o n  o f  e m i s s i o n  o f  
e a c h  quantum w i t h  r e s p e c t  t o  t h e  s p i n  a x i s  i s  o b s e r v e d .  A f t e r  
a l a r g e  number o f  o b s e r v a t i o n s ,  i t  w i l l  become e v i d e n t  t h a t  
c e r t a i n  e m i s s i o n  d i r e c t i o n s  a r e  f a v o u r e d  o v e r  o t h e r s :  th e  
r a d i a t i o n  p a t t e r n  may n o t  be  i s o t r o p i c .  To d e s c r i b e  t h e  r a d i a ­
t i o n  p a t t e r n ,  we i n t r o d u c e  a p r o b a b i l i t y  a n g u l a r  d i s t r i b u t i o n  
f u n c t i o n , ( N r a u e n f e l d e r  and S t e f f e n ,  19 6 6 ) .  T h is  f u n c t i o n  
d e s c r i b e s  t h e  a n g u l a r  p r o b a b i l i t y  o f  e m i s s i o n  o f  a p a r t i c l e  
w i t h  t o t a l  and z -com ponen t  ( a l o n g  th e  s p i n  a x i s )  a n g u l a r  mo­
mentum L and M r e s p e c t i v e l y .  I f  L = l ,  t h e  r a d i a t i o n  p a t t e r n  
i s  d i p o l e  and f o r  L = 2 , t h e  p a t t e r n  i s  q u a d r u p o l e .
N ex t ,  one may c o n s i d e r  a sy s te m  c o n s i s t i n g  o f  a l a r g e  
number o f  n u c l e i  ran d o m ly  o r i e n t a t e d  u n d e r g o i n g  t h e  same k in d  
o f  t r a n s i t i o n  a s  above .  In t h i s  c a s e ,  t h e  r a d i a t i o n  p a t t e r n  
m” s t  be i s o t r o p i c .  The random o r i e n t a t i o n  o f  th e  n u c l e i  w i l l  
r e s u l t  in  t h e  random s u p e r p o s i t i o n  o f  th e  i n d i v i d u a l  r a d i a t i o n  
p a t t e r n s .  Now l e t  e a c h  o f  t h e  rand o m ly  o r i e n t a t e d  n u c l e i  
u n de rg o  two s u c c e s s i v e  e m i s s i o n s  and a . d c v  t h a t  t h e  f i r s t ;
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kquantum may be d i f f e r e n t i a t e d  f ro m  t h e  s e c o n d .  F u r t h e r m o r e ,  
s i n c e  t h e  e m i s s i o n s  a r e  s u c c e s s i v e  and a lm o s t  s i m u l t a n e o u s ,  
t h e  second  quantum may be g e n e t i c a l l y  c o n n e c te d  t o  t h e  f i r s t  
by  means o f  a  c o i n c i d e n c e - i n - t i m e  o b s e r v a t i o n .  We c o n s t r u c t  
an a r b i t r a r y  a x i s  t h r o u g h  t h e  s o u r c e  and d e t e c t  t h e  f i r s t  
quantum a l o n g  t h i s  a x i s .  C e r t a i n  o f  t h e  i n d i v i d u a l  r a d i a t i o n  
p a t t e r n s  w i l l  be l a r g e r  ( h i g h e r  p r o b a b i l i t y )  t h a n  o t h e r s  
a l o n g  t h i s  a x i s .  The o b s e r v a t i o n  o f  t h e  f i r s t  quantum a lo n g  
t h i s  a x i s ,  t h e n ,  i s  e q u i v a l e n t  t o  w e i g h t i n g  t h e  s e l e c t i o n  o f  
t h e  i n d i v i d u a l  r a d i a t i o n  p a t t e r n s .  Assuming t h e  f i r s t  quantum 
h a s  u n iq u e  a n g u l a r  momentum, one d edu ces  t h a t  t h e  i n d i v i d u a l  
r a d i a t i o n  p a t t e r n s  in  t h i s  c a s e  d i f f e r  o n l y  a c c o r d i n g  t o  s p a ­
t i a l  o r i e n t a t i o n ,  i . e .  t h e  1-1-v a l u e .  The M -va lue  i s  r e l a t e d  t o  
t h e  n u c l e a r  s p i n ’ s i n t e r m e d i a t e  m -v a lu e  d e s c r i b i n g  t h e  n u c l e a r  
o r i e n t a t i o n  w i t h  r e s p e c t  t o  th e  a r b i t r a r y  a x i s .  Hence w e i g h t i n g  
t h e  s e l e c t i o n  o f  t h e  i n d i v i d u a l  r a d i a t i o n  p a t t e r n s  i s  e q u i v a ­
l e n t  t o  w e i g h t i n g  t h e  s e l e c t i o n  o f  n u c l e a r  o r i e n t a t i o n s .  We 
c a l l  t h e  f i r s t  quantum t h e  p o l a r i z e r  and s a y  t h a t  t h e  m a g n e t i c  
s u b l e v e l s  ( t h e  m - v a l u e s )  o f  t h e  n u c l e i  a r e  n o t  e q u a l l y  p o p u l a ­
t e d  a f t e r  t h e  f i r s t  e m i s s i o n .
Because o f  t h e  u n e q u a l  p o p u l a t i o n s  o f  t h e  m - l e v e l s ,  c e r ­
t a i n  o f  t h e  r a d i a t i o n  p a t t e r n s  f o r  t h e  second  quantum in  c o i n ­
c i d e n c e  w i t h  t h e  f i r s t  quantum w i l l  have a h i g h e r  o v e r a l l  i n ­
t e n s i t y  l e a d i n g  t o  an o b s e r v a b l e  a n i s o t r o p y .  We c a l l  t h e  seco n d  
quantum e m i t t e d  t h e  a n a l y s e r .
A n g u la r  c o r r e l a t i o n  e x p e r i m e n t s  i d e n t i f y  t h e  v a r i o u s  mag-
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5n e t i c  s u b l e v e l s  o f  n u c l e i  s p a t i a l l y  by u n e q u a l  p o p u l a t i o n s .
These e x p e r i m e n t s  may be c o n t r a s t e d  t o  Zeeman e f f e c t  e x p e r ­
i m e n t s  in  a to m ic  s p e c t r o s c o p y  w he re  s u b l e v e l s  o f  a to m ic  s t a ­
t e s  a r e  d i s t i n g u i s h e d  e n e r g e t i c a l l y .  In  n u c l e a r  s p e c t r o s c o p y ,  
t h e  Zeeman e f f e c t  h a s  o n l y  r e c e n t l y  ( F r a u e n f e l d e r  and S t e f f e n ,  
1 9 6 6 ) been  o b s e r v e d .
i i .  Quantum M e c h a n ic a l  T heory .  The quantum m e c h a n i c a l  
t h e o r y  f o r  a n g u l a r  c o r r e l a t i o n  was f i r s t  d e v e lo p e d  by  H am il ton  
(H a m i l to n ,  1914-0) who c o n s i d e r e d  a  d o u b le  c a s c a d e  o f  q u a n t a  
f r o m  a n u c l e u s .  The e m i s s i o n  o f  a  quantum c o n s t i t u t e d  a 
t r a n s i t i o n  be tween  two s t a t e s  o f  t h e  sy s te m  ( sy s te m  = n u c l e u s  
+ q u a n t i z e d  r a d i a t i o n  f i e l d ) .  The q u a n t i z a t i o n  o f  t h e  r a d i a ­
t i o n  f i e l d  e n a b l e d  i t  t o  be r e p r e s e n t e d  by an a s s e m b ly  o f  
quantum m e c h a n i c a l  o s c i l l a t o r s ,  w h ic h  c o r r e s p o n d e d  t o  a  
t r a v e l l i n g  p l a n e  w ave ,  w i t h  a  w e l l - d e f i n e d  p r o r o g a t i o n  d i -
A  A
r e c t i o n ,  J t  , and p o l a r i z a t i o n ,  Q. .
we w i l l  b r i e f l y  r e v i e w  H a m i l to n * s  t h e o r y  s i n c e  i t  i s
t i e  s t a r t i n g  p o i n t  f o r  more complex a n g u l a r  c o r r e l a t i o n  c a l ­
c u l a t i o n s .  C o n s id e r  t h r e e  s t a t e s ,  i n i t i a l ,  i n t e r m e d i a t e  
( formed a f t e r  t h e  f i r s t  quantum i s  e m i t t e d ) ,  and f i n a l  
(formed a f t e r  t h e  second  quantum i s  e m i t t e d )  w i t h  a s s o c i a t e d  
p r o b a b i l i t y  a m p l i t u d e s  Cl^bn^, r e s p e c t i v e l y .  Symbols f o r
t h e  d i f f e r e n t  s t a t e s  a r e  l i s t e d  i n  Table  I I - I .  Vie a r e  i n t e ­
r e s t e d  i n  % -  t r a n s i t i o n s  be tw een  t h e s e  s t a t e s .  Hence t h e  i n i t i a l  
r a d i a t i o n  f i e l d  s t a t e  c o r r e s p o n d s  t o  t h e  v a r i o u s  p o s s i b i l i t i e s
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f o r  t h e  f i r s t  e m i s s i o n .  (■*' > c a l l e d  t h e  o c c u p a t i o n  num ber ,  
d e s c r i b e s  t h e  number o f  o s c i l l a t o r s  v i b r a t i n g  w i t h  t h e  same 
f r e q u e n c y  and h a v i n g  s i m i l a r  d i r e c t i o n s  o f  p r o p o g a t i o n s  and 
p o l a r i z a t i o n s .
T ab le  I I - I
P r o b .  Amp. N u c l e a r  S t a t e Rad. F i e l d  S t a t e Sys tem  S t a t e
Oljl 1 As)
t>T>e 1 B n ) i<m.~■ -4‘ y i fjs- y
CP?« 1 cP> I Cr'4A>"rf?+i-
i-, and p r e p r e s e n t  t h e  m a g n e t i c  s u b s t a t e s  o f  t h e  n u c l e a r  
s p i n  s t a t e s  |A), 16)  and |C )  .
The p r o b a b i l i t y  a m p l i t u d e s  s a t i s f y  an e q u a t i o n  e q u i v a l e n t  
t o  t h e  S c h r o d i n g e r  e q u a t i o n ,
( i i - n
where  H* i s  t h e  s m a l l ,  t im e  d e p e n d e n t  i n t e r a c t  ion H a m i l t o n i a n .  
The <9.^  a r e  t h e  p r o b a b i l i t y  a m p l i t u d e s  o f  t h e  e i g e n f u n c t i o n s  
1 , A p p ly in g  e q u a t i o n  (1) t o  th e  d o u b le  c a s c a d e ,  ^e  o b t a i n
<3& ~  ^ Al. | H^( Bi\^ bm (5 ■+ E/)t <3 jj. ( I I - 2 a ,  b ,  c)
I He. I Cpy'b>r,^ + t-A lA-" f  ^
In  e q u a t i o n  ( 2 a ) ,  t h e  summation o v e r  A a l l o w s  f o r  a l l  t h e  
p o s s i b l e  n u c l e a r  s t a t e s  a f t e r  t h e  f i r s t  t r a n s i t i o n .  Summation 
o v e r  ^  Q11 ows fox a l l  t h e  p o s s i b l e  o s c i l l a t o r s  i n t o  which, t h e
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f i r s t  quantum may be e m i t t e d .  E ft i s  t h e  e n e r g y  o f  t h e  n u ­
c l e a r  s t a t e  A* and may be t a k e n  a s  z e r o .  i s  t h e  e n e r g y
d i f f e r e n c e  be tween  n u c l e a r  s t a t e s  Aa and 0 r\ .
S o l u t i o n s  t o  t h e s e  p r o b a b i l i t y  a m p l i t u d e s  a r e  th e n  a s ­
sumed and r e s e m b le  damped e x p o n e n t i a l  f u n c t i o n s  o f  t h e  n u ­
c l e a r  s t a t e  t r a n s i t i o n  p r o b a b i l i t i e s  and o f  t h e  e n e r g y  d i f ­
f e r e n c e s  be tw een  t h e  n u c l e a r  s t a t e s .  The s o l u t i o n  f o r  <3.  ^ i s  
o f  t h e  fo rm
a*. ^  & <ji e*p ( (ii-3)
w here  oC^ i s  a c o n s t a n t  and i s  t h e  t o t a l  r a d i a t i v e  t r a n
s i t i o n  p r o b a b i l i t y  f rom  t h e  n u c l e a r  s t a t e  . The a c t u a l  
s o l u t i o n s  a f t e r  some m a n i p u l a t i o n  a r e
O.JL = > (II-L[.a, b ,  c )
b n  =  £>£ c A x  (  A j l  I H ,  B f t ) * >
w here  cu, K  and Cp d5 . f fe r  f rom  3 ^  and Cp^s r e s p e c t i v e l y  by
a f a c t o r  i n d e p e n d e n t  o f  t h e  d i r e c t i o n  o f  p r o r o g a t i o n  and p o l  
r i z a t i o n  o f  e i t h e r  r a d i a t i o n ,  s p e c i f i e s  t h e  i n i t i a l  d i s ­
t r i b u t i o n  o f  n u c l e i  among t h e  s t a t e s  Aj. . The fo rm  o f  t h e
H a m i l to n ia n  w i l l  be e x p l a i n e d  be low .
/
L et  W f <5 be th e  p r o b a b i l i t y  o f  e m i s s io n  o f  two q u a n ta  
i n t o  th e  o s c i l l a t o r s  ^  and <5 ( t h e  q u a n t a  have w e l l - d e f i n e d  
f r e q u e n c y ,  d i r e c t i o n  of  p r o p o g a t i o n  and p o l a r i z a t i o n )
i  ^  I .  ^
W p s  =  . ( H - 5 )
 ^ -fc->cO p
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8i s  a  l i m i t  s i n c e  we a r e  i n t e r e s t e d  n o t  in  t h e  a c t u a l  
t im e  d e p e n d e n t  p r o c e s s  o f  t h e  t r a n s i t i o n  b u t  in  t h e  f i n a l  
r e s u l t  o f  t h e  t r a n s i t i o n .  S u b s t i t u t i o n  f o r  Cp y i e l d s ,
W a s  =  Z  H ( H ( U ) I C p > * f
I t  can be shown (H a m i l to n ,  19i|0) t h a t  t h e  c r o s s  t e r m s  in  t h e
sq u a r e d  b r a c k e t  m ust  v a n i s h  i f  t h e  i n i t i a l  d i s t r i b u t i o n  o f
n u c l e i  among s t a t e s  AjL i s  random. F u r t h e r m o r e ,  t h e  ^ S L
/
may th e n  be s e t  e q u a l  t o  u n i t y  ( i s  a  r e l a t i v e  p r o b a b i ­
l i t y ) .  The I  summation may th e n  be removed f rom  t h e  b r a c k e t  
and we o b t a i n ,
W =  Z  | 2  < f l i . 1  R ( j * P  £ P ) 1 6 f t > " < B d  R ( & , £ s ) l  C P > *  ) *  d i - 7 )
A p  1 n
I f  t h e  p o l a r i z a t i o n  o f  t h e  V - r a y s  i s  n o t  m e a s u r e d ,  t h e  
summation sh o u ld  e x te n d  o v e r  and B e  . The r e l a t i v e  
p r o b a b i l i t y  o f  two q u a n t a  b e i n g  e m i t t e d  i n  d i r e c t i o n s  and 
A c  w i t h  p o l a r i z a t i o n s  Bp and Gt- i n t o  t h e  s o l i d  a n g l e s  dlOp 
and i s  WcllOpduV.
The e m i s s io n  o f  a quantum i s  a r e s u l t  of  s m a l l  m a t t e r  
r a d i a t i o n  c o u p l i n g .  We c h a r a c t e r i z e  t h e  r a d i a t i o n  f i e l d  o f  
t h e  e m i t t e d  quantum by i t s  v e c t o r  p o t e n t i a l ,  A , and t h e  
n u c l e o n s  a s s o c i a t e d  w i t h  t h e  n t i c l e a r  t r a n s i t i o n  by  t h e i r  
c h a rg e  d e n s i t y ,  p ^  . The c o u p l i n g  o r  i n t e r a c t i o n  H a m i l to n ia n
i s  / r  .
H = - c  P / / ^  '  ^  CH-8 )
The v e c t o r  p o t e n t i a l  of  a h a rm o n ic  o s c W W o m  i s  g iv e n  by
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9"A =  £),(+)■ ^ - e x p C j o J K * r ) } ( n - 9 )
w h e re  C^ (+) i s  t h e  t im e  d e p e n d e n t  a m p l i tu d e  o f  th e  o s c i l l a t o r .  
S in c e  c^(+) i s  n o t  a f u n c t i o n  o f  Y' , t h e  H a m i l t o n i a n  may be 
s p l i t  i n t o  two p a r t s ,
H ' =  H (£),) • H , ( i t  e ) .  ( i i - i o i
Because  we a r e  i n t e r e s t e d  in  t h e  p r o b a b i l i t y  a m p l i t u d e ' s
^  fs A A
dependence  upon , Cp and , we drop  th e  f i r s t  f a c t o r
r e t a i n i n g  o n l y  th e  second  f a c t o r  o f  H .
Form ula  (7)  i s  t h e  s t a r t i n g  p o i n t  f o r  a n g u l a r  c o r r e ­
l a t i o n  c a l c u l a t i o n s  f o r  d o u b le  c a s c a d e s .  I t  i s  e a s y  t o  w r i t e  
t h e  a n g u l a r  c o r r e l a t i o n  f u n c t i o n  f o r  t r i p l e  c a s c a d e s  knowing 
t h e  fo rm  o f  (7)  -  ( 11 - 1 1 )
<ApAM>r
To re d u c e  formula® (7) and (11) t o  a s t a g e  w h e reb y  t h e y  adm it  
n u m e r i c a l  c o m p u t a t i o n ,  group t h e o r y ,  Hacah a l g e b r a  and t h e  d e n ­
s i t y  m a t r i x  f o r m u l a t i o n  ( F r a u e n f e l d e r  and S t e f f e n ,  1966) i s  
u s e d .
Both f o r m u la e  (7) and (11) assume t h e  e x c i t e d  i n t e r m e ­
d i a t e  n u c l e a r  s t a t e s ,  B r \  and D m  ,  have  w e l l  d e f i n e d  e n e r ­
g i e s ,  s p i n s ,  e t c . .  T h is  i s  e q u i v a l e n t  t o  s a y i n g  t h e  e x c i t e d
1 ^s t a t e s  a re  s h o r t - l i v e d  ( 10" ~ s e c .  ) .  O ther-w ise ,  t h e  i n t e r ­
m e d i a t e  s t a t e  w i l l  be p e r t u r b e d  and f o r m u la e  ( 7 ) and ( 1 1 ) 
m ust  be a l t e r e d .
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B. B e ta  Minus Decay
B e ta  m inus  ( |3~ ) deca y  i s  t h e  d e ca y  o f  a n e u t r o n  i n t o  a 
p r o t o n ,  e l e c t r o n  and a n t i n e u t r i n o
n —> p+ + e" + \> .
The a n t i n e u t r i n o  i s  a p a r t i c l e  o f  v a n i s h i n g  r e s t  mass p o s s e s ­
s i n g  an i n t r i n s i c  h a l f  u n i t  s p i n  in  a d i r e c t i o n  a n t i p a r a l l e l  
t o  i t s  momentum. d e c a y  may he d i v i d e d  i n t o  s e v e r a l  g r o u p s :
a l l o w e d ,  f i r s t  f o r b i d d e n ,  second  f o r b i d d e n ,  e t c . .  The amount 
o f  o r b i t a l  a n g u l a r  momentum removed by t h e  l e p t o n s  p r o v i d e s  
t h e  c r i t e r i o n  f o r  t h e  d i v i s i o n .
F o r  t h e  a l lo w e d  c a s e s ,  t h e  l e p t o n s  a r e  e m i t t e d  a s  s -  
waves  p o s s e s s i n g  no o r b i t a l  a n g u l a r  momentum. Allowed c a s e s  
a r e  c h a r a c t e r i z e d  by a s h o r t  c o m p a r a t iv e  h a l f  l i f e  when com­
p a r e d  t o  f o r b i d d e n  c a s e s  in  w h ich  o r b i t a l  a n g u l a r  momentum i s  
removed.  The s e l e c t i o n  r u l e s  (K o n o p in s k i ,  1966) f o r  a l lo w e d  
decay  a r e :
AI - | I f  ~ l t l  = 0 , 1  
1 = 0  
A n  = 1  .
A J. i s  t h e  change  in  t h e  m ag n i tu d e  o f  th e  n u c l e a r  s p i n  v e c t o r  
b e f o r e  and a f t e r  e m i s s i o n ,  1  i s  t h e  o r b i t a l  a n g u l a r  momen­
tum removed by t h e  l e p t o n s ,  and A 1"C i s  t h e  change  in  p a r i t y  
o f  th e  wave f u n c t i o n s  d e s c r i b i n g  t h e  i n i t i a l  and f i n a l  s t a t e s  
o f  th e  n u c l e u s .  A 1T -  1  i n d i c a t e s  no p a r i t y  c h an g e .
E 'o h  o f  oho e m i t t e d  l e p t o n s  p o s s e s s e s  a h a l f  u n i t  s p i n .
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The r e s u l t a n t  o f  t h e  s p i n s ,  ^  » may e i t h e r  0 (com ponents
a n t i p a r a l l e l )  o r  1 (com ponents  p a r a l l e l ) .  I f  t h e  s p i n s  be 
a n t i p a r a l l e l ,  t h e  r a d i a t i o n  i s  c a l l e d  Ferm i s i n g l e t .  F o r  t h e  
p a r a l l e l  c a s e ,  t h e  r a d i a t i o n  i s  known as  Gamow-Teller  (G .T . )  
t r i p l e t .
Allowed G.T. ^  d e c a y  may be employed as a means o f  
p o l a r i z i n g  n u c l e i .  F o r  t h i s  ty p e  o f  d e c a y ,  th e  s p i n  o f  t h e  
e m i t t e d  e l e c t r o n  must  be p a r a l l e l  o r  a n t i p a r a l l e l  t o  t h e  n u ­
c l e a r  s p i n .  F u r t h e r m o r e ,  t h e  s p i n  o f  t h e  e l e c t r o n  i s  a n t i p a r a ­
l l e l  t o  t h e  e l e c t r o n ' s  v e l o c i t y .  The o b s e r v a t i o n  o f  an e l e c ­
t r o n  e m i t t e d  i n  a f i x e d  d i r e c t i o n  ( f rom  a r an d o m ly  o r i e n t a t e d  
s o u r c e )  i s  e q u i v a l e n t  t o  s e l e c t i n g  o n l y  t h o s e  n u c l e i ,  f o r  s u c ­
c e s s i v e  e m i s s i o n s  in  c o i n c i d e n c e ,  w i t h  s p i n s  p a r a l l e l  o r  a n t i ­
p a r a l l e l  t o  t h e  f i x e d  o b s e r v a t i o n  d i r e c t i o n .  The n u c l e i  b e f o r e  
t h e  s u c c e s s i v e  e m i s s i o n s  o c c u r  a r e  t h e r e f o r e  p o l a r i z e d .
C. M ix ing  R a t i o
I t  i s  c o n v e n i e n t  t o  c l a s s i f y  e l e c t r o m a g n e t i c  r a d i a t i o n  
by m u l t i p o l e  o r d e r s  a c c o r d i n g  t o  t h e  a n g u l a r  momentum, l_ , 
c a r r i e d  o f f  by  each  quantum, For  e a c h  m u l t i p o l e  o r d e r ,  t h e r e  
a r e  two c l a s s e s  of  r a d i a t i o n .  E l e c t r i c  2*" p o l e  r a d i a t i o n  (EL) 
i s  due t o  t h e  c o u p l i n g  be tween  t h e  c h a r g e s  of  t h e  n u c l e o n s  
and t h e  e l e c t r o m a g n e t i c  f i e l d  o f  t h e  e m i t t e d  quantum. M a gn e t ic  
2*~ p o l e  r a d i a t i o n  (ML) a r i s e s  f rom  c o u p l i n g  be tw een  th e  e l e c ­
t r o m a g n e t i c  f i e l d  o f  t h e  e m i t t e d  quantum and n u c l e a r  c u r r e n t s .  
Fo r  t h e  earne L , EL and ML r a d i a t i o n  d i f f e r  i n  r e s p e c l  i c  t h e  
change in  p a r i t y  o f  th e  n u c l e a r  l e v e l s .  The c o n s e r v a t i o n  o f
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a n g u la r  momentum and p a r i t y  f o r  th e  s y s t e m  o f  n u c l e u s  p l u s  
e m i t t e d  p h oton  im poses  s e l e c t i o n  r u l e s  (M oszkowski ,  1966)  on 
th e  p o s s i b l e  m u l t i p o l a r i t i e s  o f  a ^“ t r a n s i t i o n  between two 
n u c l e a r  s t a t e s  o f  s p e c i f i e d  a n g u la r  momentum (I Ju >  ) and 
p a r i t i e s  These a r e :
I I *  - 1*1  -  L -  I IA + l f  I ;
A1T * ( - 0 U f o r  EL > A T T -  ( ‘ \ ) L' f o r
a t ?  »  1 f o r  no p a r i t y  change and,
A1T = - 1  . f o r  a p a r i t y  change .
Let  us c o n s i d e r  t h e  m a t r i x  e le m e n t  d e s c r i b i n g  th e  v e c t o r
mA
a d d i t i o n ,  T jC " T-P +  L , and ,
< I f  Wf L M IT I H |  I i r r u )  ,
where H i s  a s c a l a r  o p e r a t o r .  I t  i s  p o s s i b l e  t o  f a c t o r i z e  
t h i s  m a t r i x  e l e m e n t  i n t o  a C lebsch-G ordon  c o e f f i c i e n t  (geome 
t r i c a l  f a c t o r )  and a red u ce d  m a t r i x  e l e m e n t  ( n u c l e a r  f a c t o r )  
( F r a u e n f e l d e r  and S t e f f e n ,  1 ° 6 6 ) :
<I-f rfw LMivjnfLrfi.) = Cn\„TMrt < I * | | u | l i > .  (I1
I f  a t r a n s i t i o n  between (I; rfx) and (L dif) r e s u l t s  in  two L 
v a l u e s  f o r  t h e  r a d i a t i o n ,  we te rm  t h e  t r a n s i t i o n  ’m ix e d 1.
The r a t i o  o f  the  two r ed u c e d  m a t r i x  e l e m e n t s  i s  d e f i n e d  as  
th e  m ix i n g  r a t i o ,  7  ^ , be tw een  th e  two n u c l e a r  l e v e l s  or
s t a t e s , I I ,  TU> and I l f  n ( >.
Yt ~  If II Li TCjII T-)
' (  -  —7 , — rr-r- 3 — * -  ' ( n - 1 3 )
i b  II u >
i -3 t h e  a p p r o p r i a t e  m u l t i p o l e  o p e r a t o r  y i e l d i n g  t h e
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
1 3
r a d i a t i o n ,  and i s  t h e  o p e r a t o r  y i e l d i n g  U7C*
r a d i a t i o n .  F o r  e l e c t r i c  q u a d r u p o l e  r a d i a t i o n ,  t h e  m u l t i p o l e  
o p e r a t o r  i s  w r i t t e n  as  E2,  f o r  m a g n e t i c  d i p o l e  a s  Ml,  e t c . .
D. Time R e v e r s a l
The o p e r a t i o n  o f  t im e  r e v e r s a l  i s  d e f i n e d  a s :
p a r t i c l e  —^ p a r t i c l e  
—*r -------------- ^ . r
t ------------ > - t .
A p h y s i c a l  law d e s c r i b i n g  a sy s te m  i s  i n v a r i a n t  t o  t h i s  o p e ­
r a t i o n  i f  f o r  e v e r y  p o s s i b l e  s t a t e  o f  t h e  s y s te m ,  t h e r e  e x i s t s  
a t im e  r e v e r s e d  s t a t e  s a t i s f y i n g  t h e  same p h y s i c a l  lav;. F o r  
e x am p le ,  t h e  m o t io n  o f  a p l a n e t  a rou n d  t h e  sun i s  i n v a r i a n t  
u n d e r  t im e  r e v e r s a l .  I f  a g iv e n  o r b i t  ,Y*=. f(+) ,  s a t i s f i e s  New­
t o n ’ s e q u a t i o n s ,  t h e n  th e  t im e  r e v e r s e d  o r b i t , "'p's Y \ - ”fc), i s  
a l s o  a p o s s i b l e  o r b i t  f o r  t h e  p l a n e t .
Quantum m e c h a n i c a l l y ,  t h e  o p e r a t i o n  o f  t im e  r e v e r s a l  i s
c l o s e l y  r e l a t e d  t o  t a k i n g  t h e  complex c o n j u g a t e  o f  t h e  wave 
f u n c t i o n  (A. M e s s ia h ,  1965>)» We t a k e  t h e  complex c o n j u g a t e  
o f  t h e  t im e  d e p e n d e n t  b c h r o d i n g e r  e q u a t i o n :
c )  v
Upon t h e  s u b s t i t u t i o n ,  H KU H Li, , a n d  r e a r r a n g e m e n t ,  we g e t
l A  b  ( U V *)  = H ( U. y * )  ■ (n-it+fc)
h  ( - t )
The t im e  r e v e r s e d  s o l u t i o n s  have t h e  fo rm ,
= U .  - i ) • > ( ! ! - ih-c)
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w h ere  Li i s  a  u n i t a r y  o p e r a t o r .  We may d e f i n e  an o p e r a t o r ,  T, 
c a l l e d  t h e  t im e  r e v e r s a l  o p e r a t o r  such  t h a t
T  - t ) • (u-ii+d)
Under  t h e  T o p e r a t i o n ,  t h e  f o l l o w i n g  q u a n t i t i e s  a r e  t r a n s ­
fo rm ed  a c c o r d i n g  t o ,
p  3 ----- ^  Jp ( l i n e a r  momentum),
1  - i  ( o r b i t a l  a n g u l a r  momentum),
A
I  ---- ^  > - I  t( s p i n ) ,
a
H ------'-------^ -H (m ag n e t ic  f i e l d ) .
Ol .A -A
Q u a n t i t i e s  su ch  a s  I  K  H, I  * H, w o u ld  be i n v a r i a n t  t o  t im e  
r e v e r s a l ,  w h e r e a s  q u a n t i t i e s  l i k e  [pt p  ^^ ] w o u l d  change  s i g n  
and hen ce  be v a r i a n t .
I n v a r i a n c e  t o  t im e  r e v e r s a l  means t h a t  a p h y s i c a l  p r o c e s s  
i s  i n d e p e n d e n t  o f  t h e  d i r e c t i o n  o f  t i m e .  V a r ia n c e  t o  T a d m i t s  
t h e  p o s s i b i l i t y  o f  a s s i g n i n g  a r e l a t i v e  * d i r e c t i o n * t o  t im e  -  
r e l a t i v e  in  t h e  s e n s e  t h a t  one c o u ld  o n l y  a s c e r t a i n  i f  t h e  ' d i ­
r e c t  i o n 1 o f  t im e  'changed.
I t  h a s  been s t r o n g l y  b e l i e v e d  t h a t  i n v a r i a n c e  t o  t im e  
r e v e r s a l  I s  a v a l i d  p h y s i c a l  symmetry and has  b een  invoked  in 
c a r r y i n g  o u t  t h e o r e t i c a l  c a l c u l a t i o n s .  Fo r  e x am p le ,  in  t h e  
c a l c u l a t i o n  o f  t h e  decay  i n t e n s i t y  o f  t h e  n e u t r o n  (K o n o p in s k i ,  
i 9 6 0 ) ,  t h e  f o l l o w i n g  e x p r e s s i o n  a r i s e s  - ( I I - l p )
(9 * 1 + a*  a  • %  + 1  2s + Bn a .+ D n  9 X
u * ~Vp c  l  c  <'/ ^  c - U
w here  l i e  i s  t h e  v e l o c i t y  o f  t h e  e m i t t e d  e l e c t r o n ,  3 a I s  t h e
A
n e u t r o n ' s  s p i n  d i r e c t i o n  and I s  t h e  a n t i n e u t r i n o ' s  ,±o-
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mentura. A l l  t e r m s  e x c e p t  t h a t  w i t h  c o e f f i c i a n t  D y\ a r e  t im e  
r e v e r s a l  i n v a r i a n t .  I f  Dy\ w e re  n o n - v a n i s h i n g ,  t h e  whole  e x ­
p r e s s i o n ,  , would  become a sy m m etr ic  t o  T. By t h e  p r i n c i p l e  
o f  t im e  r e v e r s a l  i n v a r i a n c e ,  one would assume a v a n i s h i n g  Dl\ • 
E x p e r im e n t s  a r e  a t  p r e s e n t  underw ay  a t t e m p t i n g  t o  m easu re  On.
The r e v e r s i b i l i t y  p o s t u l a t e  i s  u s u a l l y  f o r m u l a t e d  u n d e r  
t h e  name o f  t h e  P r i n c i p l e  o f  M i c r o r e v e r s i b i l i t y  (M e ss ia h ,  196:0 
I f  t h e  lav; of  m o t io n  o f  a c o n s e r v a t i v e  sys tem  i s  r e v e r s i b l e  
t o  T, t h e  H a m i l to n ia n  i s  r e a l  and c o n v e r s e l y .  F u r t h e r m o r e ,  t h e  
m a t r i x  e l e m e n t  be tw een  n u c l e a r  s t a t e s  o f  an i n t e r a c t i o n  H am il ­
t o n i a n  which  i s  i n v a r i a n t  u n d e r  t im e  r e v e r s a l  h a s  a p h a s e  f a c ­
t o r  w h ic h  i s  n o t  e q u a l  t o  0 o r  TT u n l e s s  t h e  n u c l e a r  f o r c e s  
a r e  t h e m s e l v e s  i n v a r i a n t  (H en ley  and J a c o b s o h n ,  19 59 ) .  Then 
f o r  T v i o l a t i o n  in  n u c l e a r  f o r c e s ,  t h e  m ix in g  r a t i o  w i l l  be 
a complex q u a n t i t y ,
\  =  It i I i n l e . LS  6 * c p r t  ( h - 1 6 )
(5 i s  t h e  p h a se  d i f f e r e n c e  be tw een  th e  r e d u c e d  m a t r i x  e l e ­
m e n ts .  I t  I s  p o s s i b l e  t h e r e f o r e  t o  t e s t  t h e  t im e  r e v e r s i b i l i t y  
o f  n u c l e a r  f o r c e s  u s i n g  e l e c t r o m a g n e t i c  f o r c e s  a s s o c i a t e d  t y i t h  
t h e  i n t e r a c t i o n  H a m i l t o n ia n .
E, T r i p l e  A ngu la r  C o r r e l a t i o n
A n g u la r  c o r r e l a t i o n  e x p e r i m e n t s  t e s t i n g  T symmetry can 
be of  two k i n d s  (S. F u s c h i n i  e t  a l .  , 1 9 6 i | ) :
1) Measurement  c f  cos 8
2)  Measurement o f  s i n  S
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A a n g u l a r  c o r r e l a t i o n  i s  an e x p e r i m e n t  o f  t h e  f i r s t  k5.nd.
The a n g u l a r  c o r r e l a t i o n  f u n c t i o n  f o r  a Vr'ifc c a s c a d e ,  t h e  f i r s t  
t r a n s i t i o n  o f  w h ich  i s  mixed i s ,  a s  known
W ( ( § ) =  1  +■ A i P i ( o > S ( ? ) +  <?) +  •••■,U I - 1 7 )
w here  t h e  c o e f f i c i e n t s  and may be c a l c u l a t e d  f rom
t h e  g e n e r a l  t h e o r y  o f  a n g u l a r  c o r r e l a t i o n  as  f u n c t i o n s  of  
and cos  & . I t  i s  t h e n  p o s s i b l e  t o  o b t a i n  c o s £  f rom  t h e
e x p e r i m e n t a l  v a l u e s  o f  t h e  c o e f f i c i e n t s .  Prom r e s u l t s  i n  t h e  
l i t e r a t u r e  (S. F u s c h i n i  e t  a l ,  , 196Lj_), one o b t a i n s  i n  t h e  b e s t  
case
s i n  6  0 * 3  . ( i i - i 8 )
I t  i s  d i f f i c u l t  t o  lo w e r  t h i s  l i m i t  m e a s u r i n g  c o s  S  b e ­
c a u se  e x p e r i m e n t s  o f  th e  f i r s t  t y p e  n e c e s s a r i l y  l o o k  f o r  a 
second  o r d e r  e f f e c t  in  S  •
E x p e r im e n t s  o f  t h e  seco nd  k i n d  w i l l  be more s e n s i t i v e  t o  
S  s i n c e  t h e y  a r e  m e a s u r i n g  6  i n  t h e  f i r s t  o r d e r  ( s i n  S  ).
In o r d e r  t o  m easu re  s i n  S  , a a n g u l a r  c o r r e l a t i o n  f ro m
i n i t i a l l y  p o l a r i z e d  n u c l e i  i s  r e q u i r e d .  As i n d i c a t e d  i n  I I - B  
a l lo w e d  Cfamow T e l l e r  0 ” d e c a y  i s  a method of  p r o d u c i n g  th e  i n i ­
t i a l  T ' o l a r i z a t i o n .
The a n g u l a r  c o r ' - e l a t i o n  f u n c t i o n  f o r  t h e  t r i p l e  c a sc a d e  
may be w r i t t e n  a s  t h e  sura o f  two t e rm s  (L ing  and F a l k o f f ,  191^9).
Vv ~ \A/t + V V ^  ( 1 1 - 1 9 )
The p r e s e n c e  of  W t  i s  I n d e p e n d e n t  o f  T, w h e r e a s
e x i s t s  o n l y  I f  T 3s v i o l a t e d .  v \ - /  a r i s e s  f ro m  I n t e r f e r o n c e
te rm s  as  a r e s u l t  o f  t h e  mixed r a d i a t i o n  in  t h e  f i r s t  ){*"
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t r a n s i t i o n ,  Vi • M o reo v er ,  we may w r i t e ,
W =  M XW U1U + I p i *  W L « * + ( < * & * <I3:- 2 0 >
w ,  i s  t h e  i n t e r f e r e n c e  c o m b in a t io n  due t o  t h e  mixed m u l t i ­
p o l e s  in  t h e  f i r s t  t - t r a n s i t i o n .  e <  and 0  a r e  p r o p o r t i o n a l  t o  
t h e  r e d u c e d  m a t r i x  e le m e n t  o f  t h e  and LgTCgoperators r e s p e c ­
t i v e l y .  On d i v i d i n g  by  \c<\Z , o n l y  t h e  r a t i o s  i  > $ )  > 11:1 
(H r e s p e c t i v e l y )  a p p e a r  in  Vs/ . T h is  i n d i c a t e s  t h e
r e a s o n  f o r  knowing b o th  t h e  a b s o l u t e  v a l u e  of  t h e  m ix in g  r a t i o ,  
In I , and i t s  p h a s e ,  S , f o r  t h e  t r i p l e  a n g u l a r  c o r r e l a t i o n  
f u n c t i o n ,  w .
C a l c u l a t i o n s  have  b een  c a r r i e d  o u t  f o r  t h e  s p e c i f i c  c a s e  
o f  a  2*(E2 Ml) 2 + (E2) ( ^ c a s c a d e  p r e c e d e d  by an a l lo w e d  G. T,
^  d e c a y  o f  t h e  t y p e  ( Ja co b so h n  and H e n le y ,  195Q) .
The a n g u l a r  c o r r e l a t i o n  f u n c t i o n  f o r  t h i s  c a se  i s
a r (n -21)
W  (  p  s i U )  ~  ( 3 s . t  j (  1  +  M f  ) + ( o - Z 5 0  4- 0*'732: |t \I  005 5 
-  O O U 5 I t | | 2)  P * ( & • & )  f  0 * 3 2 7
+ 0*2.45 C v/e/c ) h \ l  6 * y j :
where  , >, * > x J
A A  A X J  = U > ’ . (1 1 -22 )
P a r e  un l ^  momentum v e c t o r s  o f  t h e  f i r s t  ){ - ray ,  second  
- r a y  and e l e c t r o n  r e s p e c t i v e l y .  ^ g .T i s  a f a c t o r  p r o p o r t i o n a l  
t o  th e  ^  i n t e n s i t y .  and Ph a re  Legendre  p o l y n o m i a l s  o f  r e ­
s p e c t i v e  o r d e r s  2 - and Ip.
The l a s t  t e r m  in  e q u a t i o n  (21) may be w r i t t e n  (E. P u s c h i n i  
e t  a l .  , I 9 6 I4.) a s
A « i i 0  f  s i f u  S  * ( 1 1 - 2 3 )
' '  . r 1
. r> ■ ^
T h is  t e rm  may be v e r y  s m a l l  r e l a c i ^ r e  t o  th e  f i r s t  even  i f  T
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i s  v i o l a t e d .  The s m a l l n e s s  depen d s  upon t h e  v a l u e s  o f  Ai( 0  ,
j and -f t o ^  in  e q u a t i o n  ( 2 2 ) )• Ihe  f a c t o r  fiiffii) i s
$<>($)
a f u n c t i o n  of  t h e  weak i n t e r a c t i o n  c o u p l i n g  c o n s t a n t s  and o f  
t h e  r e d u c e d  Ferm i  and Gamow-Teller  m a t r i x  e l e m e n t s .  Fo r  a  p u r e  
G. T. t r a n s i t i o n ,  t h e  r a t i o  becomes (De S a b b a ta ,  1961)  p^ ^
AilS) = _L . H* . Ii (I ' t- 0  -- +_l)..'-r2 = Jl Uft ^
M 6) Vs c  afnr^T) Vs
I f  & 1 ~  I ,  - To th e n
f o r  T i l  = +  1 y z t  = k [ l * + J L  \  1 ( I I - 2 £ a )
YTo +» 7 ;
( I I - 2 £ b )and f o r  ~ 1  > ^  -  V l Z Z l  ^  1  *
V "Xo
Hence t r a n s i t i o n s  o f  t h e  t y p e  A l - 1  m a g n i f y  t h e  v a l u e  o f  t h e  
T v a r i a n t  t e rm  in  e q u a t i o n
F u r t h e r m o r e ,  t h e  g e o m e t r i c  f a c t o r ,  , h a s  a  maximum ab ­
s o l u t e  v a l u e  f o r
C o s " ( i t  •-&»•) = ( ?  = 4 5 ” 1 3 5 °  ( n - 2 6 a)
C o s " ' ( X  • p )  = Z o i l k z - p )  = © =  9 0 ° .  ( x i - 26b)
Ho t r u e  t r i p l e  c o i n c i d e n c e s  may be m easu red  w i t h o u t  t h e  d e ­
t e c t i o n  o f  a K p a r t i c l e .  The g r e a t e r  t h e  f*j i n t e n s i t y ,  t h e  
g r e a t e r  w i l l  be t h e  number o f  t r i p l e s  c o l l e c t e d  and the  l e s s  
w i l l  be t h e  r e l a t i v e  s t a t i s t i c a l  e r r o r ,  ^  , i n  W .
P  V  v 'v T
The l a s t  t e rm  in  e q u a t i o n  (21) i s  a f u n c t i o n  o f  b o t h
cos  G and s i n  S , w h i l e  t h e  r e m a i n i n g  t e rm s  a r e  f u n c t i o n s  o f
cos  8  o n l y .  To m easu re  an a n i s o t r o p y ,  one m ust  m easu r  e W  a t
A - £
two d i f f e r e n t  v a l u e s  o f  , t * e  a n g le  be tween  and Az. .
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These may be chosen  as
^  &  r * .  o x  . 8 )
W ith  t h i s  s e l e c t i o n ,  t h e  l a s t  t e rm  in  e q u a t i o n  (21) ch anges
s i g n  w h e r e a s  t h e  r e m a i n i n g  t e r m s  a r e  n o t  a f f e c t e d .  We d e f i n e  
t h e  a n i s o t r o p y  as
W . ( e , -  <s) = Wt ~ Wy. (n-29)
"K m e ,  (?) W t t W j '
^  Angle i n  t h e  sy s tem .
(•*= ^') Angle in  t h e  sys tem .
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I I I  EXPERIMENTAL 
A, S e l e c t i o n  o f  t h e  T r i p l e  Cascade
The M n ^  d e c a y  scheme i s  shown in  F i g u r e  I I I - l .  T ab le  
I I I - l  i n d i c a t e s  t h e  s e l e c t i o n  o f  components  f o r  t h e  t r i p l e  
c a s c a d e , 6 - W z .
T ab le  I I I - l
Component E nergy
0 “  ( a l lo w e d  G .T .) 0 .7 £  Mev. (end p o i n t )
t ,  (E2 + M1) 2 . 1 2  Mev.
&  (E2) O .8 I4.5 Mev.
T h is  c a s c a d e  i s  t h e  same one used  by Jacobsohn  and H e n ley  in  
t h e i r  c a l c u l a t i o n  o f  e q u a t i o n  11 -21  .
The e n e r g y  sp e c t ru m  f o r  t h e  ^ - t r a n s i t i o n s  i n  M n ^  i s  
shown in  F i g u r e  I I I - 2 .  The e n e r g y  sp e c t r u m  o u t  o f  e ac h  N a l ( T l )  
d e t e c t o r  was f e d  t h r o u g h  a p u l s e  h e i g h t  s e l e c t o r .  T h is  p e r m i t t e d  
t h e  s e l e c t i o n  o f  t h e  a p p r o p r i a t e  t r a n s i t i o n ' s  p h o t o e l e c t r i c  
p e a k .  The s e l e c t i o n s  a r e  i n d i c a t e d  i n  F i g u r e  I I I - 2 .  The 
e n e r g y  sp e c t ru m  f o r  e a c h  0  t r a n s i t i o n  i s  i t s e l f  a  c o n t in uu m  
up to  a maximum e n e r g y .  F u r t h e r m o r e ,  t h e  i n d i v i d u a l  Q s p e c t r a  
a re  su p e r im p o sed  on one a n o t h e r  such  t h a t  s e p a r a t i o n  by 
p u l s e  h e i g h t  s e l e c t o r s  i s  n o t  p o s s i b l e .  The s e l e c t i o n  o f  t h e  
a p p r o p r i a t e  0  sp e c t ru m  was a c h ie v e d  by c o i n c i d e n c e - i n - t i m e  
c i r c u i t s  ( c o i n c i d e n c e  w i t h  and }{* ).
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B. Geometry  o f  t h e  D e t e c t o r s
F i g u r e  I I I - 3 shows t h e  g e o m e t r i c  a r r a n g e m e n t  of  t h e  d e ­
t e c t o r s .  D e t e c t o r s  A and B w e re  d i f f e r e n t i a l  N a l ( T l )  
s c i n t i l l a t o r s  m a n u f a c t u r e d  by Kyoto i n d u s t r i e s ,  J a p a n .  T h e i r  
f u n c t i o n  wes t h e  d e t e c t i o n  o f  V - r a y s  a t  d i s t a n c e s  v a r y i n g  
f rom  1 . 5  t o  3 i n c h e s  f rom  t h e  r a d i o a c t i v e  s o u r c e .  D im ens ions  
o f  t h e  ITal(Tl)  c r y s t a l s  w e re  2 X 2  i n c h e s .  D e t e c t o r  C was 
an o r g a n i c  ( p l a s t i c )  p h o s p h o r  f o r  t h e  d e t e c t i o n  o f  t h e  ^  p a r ­
t i c l e s .  T h is  t y p e  o f  s c i n t i l l a t o r  h a s  a weak r e s p o n s e  t o  'jf- 
r a y s .  I t s  d i s t a n c e  f rom  t h e  s o u r c e  was f i x e d  ( ^  2 i n c h e s ) .  
The t h i c k n e s s  o f  t h e  p l a s t i c  p h o s p h o r  was a p p r o x i m a t e l y  
1 /1 6  i n c h e s .  The s o u r c e  was l o c a t e d  i n  an e v a c u a t e d  chamber 
w h ic h  was an e x t e n s i o n  o f  t h e  b r a s s  c a s i n g  o f  d e t e c t o r  C. The 
s e l e c t i o n  o f  t h e  p h o t o e l e c t r i c  p e a k s  by d e t e c t o r  i s  l i s t e d  
i n  T a b le  I I I - 2 .
T a b le  I I I - 2
D e t e c t o r P h o t o e l e c t r i c Peak
A o.8Ii-5 Mev. i i z )
B 2 .1 2 Mev. ( V , )
D 2 .1 2 Mev. d ! )
The d e t e c t o r s  were  a l i g n e d  a lo n g  r a d i i  e x t e n d i n g  f rom  
t h e  r a d i o a c t i v e  s o u r c e .  The r a d i a l  d i r e c t i o n  a s s o c i a t e d  w i t h
A.
d e t e c t o r  A was ( th e  d i r e c t i o n  o f  p r o p o g a t i o n  of th e
0.8L'5 Mev. o - r a v ) j  w i t h  d e t e c t o r  B, JRt ( t h e  d i r e c t i o n  o f  
p r o p o g a t i o n  o f  t h e  2 .1 2  Mev The d i r e c t i o n  a s s o c i a t e d
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•with d e t e c t o r  C was p , t h e  u n i t  momentum v e c t o r  o f  t h e  0  
p a r t i c l e s .
The d e t e c t o r s  were  so a r r a n g e d  t h a t  th e  g e o m e t r i c  f a c t o r ,  
s e x h i b i t e d  a maximum. T h is  o c c u re d  when d e t e c t o r s  A and 
B w e re  in  a p l a n e  p e r p e n d i c u l a r  t o  d e t e c t o r  C, w i t h  an a n g le
O
b e tw een  A and B o f  135.  To m easu re  an a n i s o t r o p y ,  A , t h e  
t r i p l e  c o i n c i d e n c e s  m us t  be c o u n te d  f o r  two d i f f e r e n t  a n g l e s
£  f tbe tw een  At and A* . The c o u n t i n g  was a c c o m p l i sh e d  s i m u l a t a n e o u s l y
by e m p loy in g  a t h i r d  N a l ( T l )  d e t e c t o r ,  D ( s e l e c t i n g  2 .1 2
M e v . ) ,  l o c a t e d  in  t h e  p l a n e  o f  d e t e c t o r s  A and B and s o u r c e  
o
b u t  a t  -1 3 5  w i t h  r e s p e c t  t o  d e t e c t o r  A. T h is  a r r a n g e m e n t  a l s o  
m ax im izes  J j  . We t h e n  sp e a k  o f  two d e t e c t i o n  a r r a n g e m e n t s  o r  
s y s t e m s :  and
C. E l e c t r o n i c s
A s c h e m a t i c  c i r c u i t  diagramme i s  shown in  F i g u r e  ITI-I^.
The N a l ( T l )  s c i n t i l l a t i o n  d e t e c t o r s  and th e  o r g a n i c  p h o s p h o r  
wc^e mounted on 53 A.V.P.  p h o t o t u b e s .  The p o s i t i v e  p u l s e s  
f rom  e a c h  p h o t o t u b e  were  p a s s e d  t h r o u g h  a p r e l i m i n a r y  l i n e a r  
a m p l i f i e r  and t h e n  t h r o u g h  a d o ub le  d e l a y  a m p l i f i e r .  H e r e ,  
t h e  p u l s e s  w ere  shaped such  t h a t  t h e  o u t p u t  p u l s e  c o n s i s t e d  
of  a n e g a t i v e  p u l s e  im m e d ia t e l y  f o l l o w e d  by a p o s i t i v e  p u l s e .  
The c r o s s - o v e r  p o i n t  c o n t a i n s i  t h e  p u l s e ’ s t im e  i n f o r m a t i o n .  
T h is  o u t p u t  p u l s e  was t h e n  f e d  i n t o  a p u l s e  h e i g h t  s e l e c t o r  
w i t h  a  d e a d - t im e  of  202 / t s e c . .  The d i s c r i m i n a t o r  f i r e d  o n l y  
f o r  incom ing  p u l s e s  w i t h i n  a s p e c i f i e d  a m p l i tu d e  band.  The 
t i m i n g  i n f o r m a t i o n  of  t h e  incom ing  p u l s e  was r e t a i n e d  in  t h e
UNIVERSITY OF WINDSOR LIBRARY
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o u t p u t  p u l s e  o f  t h e  p u l s e  h e i g h t  s e l e c t o r  ( P . H . S . )  by  means 
o f  c r o s s - o v e r - p i c k - o f f .
The o u t p u t  p u l s e s  o f  t h e  f o u r  P .H . S .  u n i t s  w ere  f e d  i n t o  
a t im e  t o  a m p l i t u d e  c o n v e r t e r  ( T .A . C . ) .  The t im e  d i f f e r e n c e  
be tw een  i n p u t  p u l s e s  was c o n v e r t e d  i n t o  th e  a m p l i t u d e  o f  a 
n e g a t i v e  sq u a re  o u t p u t  p u l s e .  The r a n g e  of  e a c h  T.A.C. was 
a d j u s t a b l e  by  means of  a d i s c r i m i n a t o r .  The o u t p u t s  o f  t h e  
T.A.C.  u n i t s  y i e l d e d  c o i n c i d e n c e s  be tw een  d e t e c t o r s  A and B, 
d e t e c t o r s  A and C, and d e t e c t o r s  A and D. A s s o c i a t e d  w i t h  
e ac h  o f  t h e s e  o u t p u t s ,  was a l o g i c  o u t p u t .  I f  a s i g n a l  a p ­
p e a r e d  a t  t h e  T .A.C.  o u t p u t ,  a p o s i t i v e  s q u a r e  p u l s e  o f  con ­
s t a n t  a m p l i tu d e  a p p ea re d  a t  t h e  l o g i c  o u t p u t .
The ‘T .A.C. p u l s e s  and Y.'A w ere  f e d  t h r o u g h  an i n ­
v e r t e r  and 2yu.sec .  d e l a y  t o  a  I4.OO c h a n n e l  T.M.C. a n a l y s e r .
The l o g i c  p u l s e s  2 , and were  f e d  i n t o  two doub le
c o i n c i d e n c e  c i r c u i t s  e ac h  w i t h  a r e s o l v i n g  t im e  o f  a b o u t  one 
m ic r o s e c o n d .  I n t o  th e  f i r s t  slow c o i n c i d e n c e  c i r c u i t  was f e d  
th e  d o u b le s  and Vz j i n t o  t h e  second  slow c o i n c i d e n c e
' c i r c u i t  was f e d  t h e  d o u b le s  ^ ’^ 2 and ^ 2  B  . O u tp u t s  of  t h e s e  
slow c o i n c i d e n c e  c i r c u i t s  were  f e d  i n t o  f o u r  g a t i n g  i n p u t s  of 
th e  T.M.C. a n a l y s e r .
The ipOO c h a n n e l s  w ere  s p l i t  i n t o  g ro u p s  o f  one h u n d re d .
In t h e  f i r s t  one hundred  c h a n n e l s  was r e c o r d e d  t h e  ' i ^ Z  t im e
sp e c t r u m  w i t h  no g a t i n g Y ^ B  p u l s e  ( a n t i c o i n c i d e n c e ) ;  in  th e
1 .
second one h u n d red  c h a n n e l s  was r e c o r d e d  t h e  o'c*. t im e  s p e c t r u m  
w i t h  no g a t  in  i m p u l s e  ( a n t i c o i n c i d e n c e );  in  t h e  t h i r d  one
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h u n d re d  c h a n n e l s  was r e c o r d e d  t h e  62 t im e  s p e c t r u m  w i t h  a
g a t i n g  ' t i tz$  p u l s e  ( c o i n c i d e n c e ) ;  in  t h e  f o u r t h  one h u nd red
i .
c h a n n e l s  was r e c o r d e d  t h e  t im e  s p e c t ru m  w i t h  a g a t i n g
' i i t z f i  p u l s e  ( c o i n c i d e n c e ) .
D. Chance E v e n t s
F i g u r e  I I I - 5  shows a t y p i c a l  t im e  s p e c t ru m .  Both d o u b l e s  
and t r i p l e s  t im e  s p e c t r a  i re re  a p p r o x i m a t e l y  200 n a n o se c o n d s  
w id e .  Because of  t h e  l a r g e  number o f  n u c l e i  d e c a y in g  in  th e  
s o u r c e ,  i t  i s  p o s s i b l e  t h a t  a ' i i f rom  one n u c l e i  w i l l  be in  
c o i n c i d e n c e  w i t h  a ' f c f r o m  a n o t h e r  n u c l e i .  S ince  we a r e  i n t e ­
r e s t e d  in  g e n e t i c  c o i n c i d e n c e s  o n l y ,  i t  i s  n e c e s s a r y  t o  d i f ­
f e r e n t i a t e  be tw een  t h e s e  chance  c o i n c i d e n c e s  and t h e  t r u e  
g e n e t i c  c o i n c i d e n c e s .  The t r u e  c o i n c i d e n c e s  a r e  r e l a t e d  in  
t im e  and hence  w i l l  n o t  a p p e a r  w i t h  e q u a l . p r o b a b i l i t y  t h r o u g h ­
o u t  t h e  t im e  s p e c t ru m .  The chance  c o i n c i d e n c e s  a r e  n o t  r e l a t e d  
t i m e - w i s e  and t h e r e f o r e  w i l l  a p p e a r  w i t h  e q u a l  p r o b a b i l i t y  
t h r o u g h o u t  th e  t im e  sp e c t ru m .T h e  d o u b l e s  t im e  s p e c t r a  c on ­
s i s t  o f  a f l a t  r e g i o n  upon w h ich  i s  su p e r im p o sed  a p e a k .  The 
chance  doub le  c o i n c i d e n c e s  a r e  r e s p o n s i b l e  f o r  t h e  f l a t  p a r t  
o f  t h e  s p e c t r a  w h e re a s  th e  t r u e  d o u b le  c o i n c i d e n c e s  y i e l d  th e  
p e a k .  S ince  t h e  chance  c o u n t s / c h a n n e l  a r e  c o n s t a n t  a c r o s s  th e  
t im e  s p e c t a ,  i t  i s  r e l a t i v e l y  s im p le  t o  separ*ate t h e  t r u e  f rom 
th e  chance  d o u b l e s .
The t r i p l e s  s p e c t r a  a r e  more c o m p l i c a t e d  a s  t h e r e  e x i s t  
s e v e r a l  p o s s i b i l i t i e s  t o  y i e l d  t h e  chance  t r i p l e s .  These a r e  
enumerauod in  T ab le  I I I - 3 .
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T a b le  I I I - 3
Case C o in c id e n c e  Between C o n t r i b u t i o n  t o T r i p l e s  S p ec t ru m
| Double Double 2 *s R e la t e d 2 »s Not R e l a t e d
i
i i
(jj 1 ftCt (.0 '^Oc.kafNCC 
( . B ^ )  tKance
f l a t  chance  
r i s e  i n
chance  c o u n t s /  
c h a n n e l  u n d e r  
t r u e  t r i p l e s  
p e a k
no c o n t r i b u t i o n  
11
i i i
i v
O f .  '^)c.Vi*ftce.
^OcKsy-.cc
( 6 ^ * ) - V r  u e .
f l a t  chance
t r u e  t r i p l e s  
p e a k
11
II
Each c a s e  h a s  been  s u b d i v i d e d  i n t o  t h e  c a s e s  w h e re  t h e  
same ^6z p u l s e  i s  p r e s e n t  i n  t h e  and ( ^ 2.) c o i n c i d e n c e s .  I f
t h e  ^  p u l s e s  a r e  n o t  t h e  same, t h e  (^i&) and (6 ^ ) p u l s e s  m u s t  be 
s e p a r a t e d  in  t im e  by a t  l e a s t  2 . 2  s e c .  ( b e c a u s e  t h i s  i s  t h e  
dead t im e  o f  t h e  p u l s e  h e i g h t  s e l e c t o r ) ,  and t h e  slow c o i n c i ­
dence  c i r c u i t  w i l l  g iv e  no o u t p u t .  F o r  r e l a t e d  ^ 5 , t h e  c a se  
i i  i s  t h e  o n l y  one w h ich  does  n o t  g iv e  a f l a t  chance  s p e c t ru m .  
I t s  c o n t r i b u t i o n  to  t h e  o e a k  i s  g iv e n  by IBV2). ‘ , where
i s  t h e  p h o t o e l e c t r i c  e f f i c i e n c y  and t r a n s m i s s i o n  o f  th e  
%Z de f e c t o r .  The t r u e  t r i p l e s  p e a k  r a t e ,  i v ,  i s  g iv e n  by 
(&&2J . The o b s e r v e :1 p e a k  ( S X  %z ) w i l l  be th e  sum o f' iru*
t h e s e  c o n t r i b u t i o n s .  T h e r e f o r e  th e  t r u e  t r i p l e s  r a t e  w i l l  be
s iv e n  ( i i i - i )
( S ^ X w c e  £1 tO' 6  * l 0 »
The same r e s u l t  i s  o b t a i n e d  f o r  t h e  (t) t im e  s p e c t r u m ,
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i . e .  b o t h  o b s e r v e d  t r i p l e s  p e a k s  a r e  m u l t i p l i e d  by t h e  same 
f a c t o r ,  R, , t o  o b t a i n  t h e  t r u e  t r i p l e  c o i n c i d e n c e s .
E, E x p e r i m e n t a l  P r o c e d u r e  and A n a l y s i s
Manganese ( M n ^ )  d i o x i d e  sam p le s  o f  a p p r o x i m a t e l y  1.5? 
mgms. w e re  i r r a d i a t e d  w i t h  t h e r m a l  n e u t r o n s  t o  an a c t i v i t y  
o f  a b o u t  12 m i l l i c u r i e s  ( h a l f - s a t u r a t i o n ) .  By means o f  e v ap o ­
r a t i o n  a t  h i g h  t e m p e r a t u r e  and low vacuum, a t h i n  f i l m  o f  MnO 
was d e p o s i t e d  upon t h i n  A1 f o i l  g lu e d  t o  a  c i r c u l a r  Al so u r c e  
r i n g .  The t h i c k n e s s  o f  t h e  s o u r c e s  was c a l c u l a t e d  t o  be in  
t h e  v i c i n i t y  o f  0*2 mgm./cm. Because  o f  t h e  s h o r t  mean l i f e  
o f  t h e  i s o t o p e  M n ^  (2 .5 8  h r s . ) ,  a  new so u rc e  was p r e p a r e d  f o r  
e a c h  e x p e r i m e n t a l  r u n .
Data  was c o l l e c t e d  i n i t i a l l y  f o r  1 m in u te  f o r  t h e  G>^ 2. 
t im e  s p e c t ru m  w i t h  th e  d i s c r i m i n a t o r  on t h e  T.A..C w id e  open .  
The chance  on b o t h  s i d e s  o f  t h e  f y h t r u e  d o u b l e s  p e a k  was t h e n  
c u t  o f f  and t h e  ru n  was i n i t i a t e d .  The f o l l o w i n g  t im e  s p e c t r a  
we''=e c o l l e c t e d :
' i  |Y< t r u e  + chance,  
i \  ''Iz t r u e  t  chance,
'Iz ifd lz)  t r u e  + c h a n c e ,
'Ix'feiQiO t r u e  ch an ce .
Prom t h e  f l a t  p o r t i o n  o f  e a c h  d o u b le s  s p e c t r u m 5 and 
l l  , c o l l e c t e d  o v e r  a T  m in u te  i n t e r v a l  (/T = d u r a t i o n  o f  
a r u n ) ,  an a v e r a g e  v a l u e  f o r  th e  chance  c o u n t s / c h a n n e l  x-;as 
c a l c u l a t e d ,  The sp e c t ru m  was sum-. ; ! by c h a n n e l  o v e r  t h e  p e ak
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and s l i g h t l y  i n t o  t h e  chance  r e g i o n  on b o t h  s i d e s .  From th e  
number  of  c h a n n e l s  in  t h e  sum m at ion ,  t h e  number o f  chance  
e v e n t s  in  t h e  summation was d e t e r m i n e d .  The number o f  t r u e  
d o u b le  c o i n c i d e n c e s  vjas e q u a l  t o  t h e  c o u n t s  i n  t h e  summation 
l e s s  t h e  chance  c o u n t s  i n  t h e  summation c h a n n e l  domain.
The p r e l i m i n a r y  a n a l y s i s  o f  t h e  t r i p l e s  p r o c e e d e d  in  
t h e  same way a s  f o r  t h e  d o u b l e s .  To s e p a r a t e  t h e  t r u e  f rom  
chance  e v e n t s  i n  th e  o b s e r v e d  t r i p l e s  p e a k  ( ^ W z ) , t h e  r a t i o  
R, was computed f rom  t h e  d o u b l e s  s p e c t ru m  c o l l e c t e d  i n i t i ­
a l l y .
S ince  t h e  i n t e n s i t y  o f  t h e  s o u r c e  i s  r a p i d l y  d e c r e a s i n g  
t h r o u g h - o u t  t h e  r u n ,  t h e  r a t i o ,  R. , i s  a f u n c t i o n  o f  t im e .
I t s  dependence  on t im e  i s
R W  = t /  1  y ( I I I - 2 )
■where m  cKft^ ce. i s  t h e  i n i t i a l  v a l u e  c a l c u l a t e d  f r o m  th e
+ r u t
t im e  s p e c t ru m .  I f  t h e  i n i t i a l  v a l u e  o f  R  i s  d e n o te d  by
R (  O) , th e  r a t i o ,  R , u sed  in  e q u a t i o n  (1) was
R = -  R(q) . ( i t i - 3 )
2
The s t a t i s t i c a l  e r r o r s  in  t h e  d o u b l e s  and t r i p l e s  c o u n t s  
w ere  assumed P o i s s o n .
The fo l lox tf ing  r a t i o  t o g e t h e r  w i t h  i t s  a s s o c i a t e d  e r r o r  
was c a l c u l a t e d :
f t e x p  = t ( I I I - l )
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CMO,. Me, and)( i )+rw t  a re  t h e  number o f  t r u e  d o u b l e s  c o i n c i d e n c e s  
c o l l e c t e d  o v e r  t h e  r u n n i n g  t i m e , ' ?  . ty’,k & V * c a r e
t h e  number o f  t r u e  t r i p l e  c o i n c i d e n c e s  c o l l e c t e d  o v e r  t h e  same 
r u n n i n g  t i m e .
P .  G e o m e t r i c a l  and C o u n te r  E f f i c i e n c y  C o n s i d e r a t i o n s
The a n i s o t r o p y  d e f i n e d  by  e q u a t i o n  11-29  depends  o n l y
on t h e  r a t i o  o f  t h e  t r i p l e s  c o l l e c t e d .  In t h i s  e q u a t i o n ,  i t
i s  assumed t h a t  e ac h  d e t e c t i o n  sy s te m  ($-^1- / 2. and )
0  £i s  e q u i v a l e n t  e x c e p t  f o r  t h e  a n g le  be tw een  -Hi and JKs. . T h is  
means t h a t  t h e  g e o m e try ,  d e t e c t o r  e f f i c i e n c y  and e l e c t r o n i c s  
f o r  t h e  two sy s tem s  m us t  be t h e  same. I t  i s  d i f f i c u l t  t o  
a c h i e v e  t h i s  e x p e r i m e n t a l l y .  The n o r m a l i z a t i o n  f a c t o r ,
~  ()>\ ( I I I - 5 )
i n  e q u a t i o n  (Ij.) b r i n g s  a b o u t  t h e  e q u i v a l e n c e  o f  t h e  two de­
t e c t i o n  sy s te m s  in  t h e  c a l c u l a t i o n s .
L e t
/ /  = number of  d i s i n t e g r a t i o n s / s e c .  in  t h e  s o u r c e ,
8 S = b r a n c h i n g  r a t i o  f o r  t h e  0 . 7 5  Mev. Spec t rum ,
6^,=  b r a n c h i n g  r a t i o  f rom  2 .6 6 0  Mev. l e v e l  t o  0.8h..5 Mev. l e v e l ,
HWi = f r a c t i o n  of  d e c a y  be tw een  2 .6 6 0  Mev. and 0 .8 k 5  i iev. l e v e l s
o c c u r i n g  by X = 2 .1 2  Mev. t r a n s i t i o n ,
f r a c t i o n  o f  d e ca y  be tween  0.8Ll5 Mev. and ground  l e v e l s  
o c c u r i n g  by ^2 = 0.81|5 Mev. t r a n s i t i o n ,
-  p h o t o e l e c t r i c  d e t e c t i o n  e f f i c i e n c y  o f  d e t e c t o r  A,
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G^, = p h o t o e l e c t r i c  d e t e c t i o n  e f f i c i e n c y  o f  d e t e c t o r  B,
£%,' = p h o t o e l e c t r i c  d e t e c t i o n  e f f i c i e n c y  of  d e t e c t o r  D,
r  momentum s p r e a d  in  $  s p e c t r u m  d e t e c t e d  by  C, 
ls3{z =^ s o l i d  a n g le  su b te n d e d  by d e t e c t o r  A w i t h  s o u r c e ,
= s o l i d  a n g le  s u b te n d e d  by d e t e c t o r  B w i t h  s o u r c e ,
s o l i d  a n g le  s u b te n d e d  by  d e t e c t o r  C w i t h  s o u r c e ,
s o l i d  a n g le  su b t e n d e d  by  d e t e c t o r  D w i t h  s o u r c e ,
e f f i c i e n c y  o f  t h e  Hsiz T . A . C . ,
Etf.'k = e f f i c i e n c y  o f  t h e  T . A .C . ,
e f f i c i e n c y  o f  t h e  Q'lz T .A .C . .
S in c e  t h e  d o u b le s  r a t e  i s  s m a l l  compared t o  t h e  s i n g l e  
r a t e s ,  we assume t h e  e f f i c i e n c y  o f  t h e  slow c o i n c i d e n c e  c i r ­
c u i t  i s  e q u a l  t o  u n i t y .
The number o f  t r u e  c o i n c i d e n c e s  be tw een  and V2. 
p e r  s e c .  a r e
The number of  t r i p l e  c o i n c i d e n c e s  d e t e c t e d  p e r  s e c .  a r e
where  i s  t h e  n o r m a l i z e d  a n g u l a r  c o r r e l a t i o n  f u n c t i o n
y i e l d i n g  t h e  a n g u l a r  dependence  be tw een  Hi and Hz. • S i m i l a r l y  
t h e  number o f  t r u e  c o i n c i d e n c e s  d e t e c t e d  be W een  H\ * a rd  Hz
p e r  s e c .  a r e
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w h e re  "fj i s  t h e  n o r m a l i z e d  t r i p l e  a n g u l a r  c o r r e l a t i o n  f u n c t i o n .
S u b s t i t u t i o n  o f  t h e s e  e x p r e s s i o n s  i n t o  e q u a t i o n  ([}.) 
y i e l d s
A exp = '  •£*( ($) £+( Q j - d f )  (111-10 )
f+fOjt i) {*( -<$)
The a n g u l a r  c o r r e l a t i o n  f u n c t i o n  f o r  t h e  d o u b le s  i s  an even 
f u n c t i o n  in  ( se e  e q u a t i o n  1 1 - 1 7 ) .  Then
f d (  ( f )  -  ( I I I - l l )
and e q u a t i o n  (10) becomes
A e x P =  A -  X  Q 1 =  A + h  ( 1 1 1 -1 2 )
f. ( e ,  a )
T h is  i s  i d e n t i c a l  t o  e q u a t i o n  
AnG. Co C o n t r o l  E x p e r im e n t s
B e fo re  and a f t e r  t h e  M n ^  r u n s ,  a  s e r i e s  o f  Co^1® r u n s  
w ere  c a r r i e d  o u t .  The d e c a y  scheme o f  t h i s  i s o t o p e  i s  shown 
in  F i g u r e  I I I - 6 .  I t s  d eca y  scheme i s  s i m i l a r  t o  t h a t  o f  
M n ^  i n  t h a t  t h e  'tr'lz c a s c a d e  ()J,= 1 . 1 7 ,  S2; i 2 ~ 1 . 3 3 ,  S2) i s  
p r e c e d e d  by  an a l lo w e d  G.T. $  d e ca y .  In c o n t r a s t  t o  Mn-^, 
how ever ,  t h e r e  i s  no m ix in g  in  t h e  f i r s t  ^ - t r a n s i t i o n .  Con­
s e q u e n t l y ,  i t  would be i m p o s s i b l e  t o  o b s e r v e  a  v i o l a t i o n  o f
t im e  r e v e r s a l  in  a  t r i p l e  a n g u l a r  c o r r e l a t i o n  e x p e r i m e n t
m e a s u r i n g  s l n S  w i t h  t h e  i s o t o p e  Co^®. F o r  Co^O, "$) " £ 
and th e  e x p e r i m e n t a l  v a lu e  of  t h e  a n i s o t r o p y ,  A-?xp , m us t  be 
u n i t y .  The e x p e r i m e n t a l l y  m easu red  a n i s o t r o p y  f o r  C o ^ ,  
t h e r e f o r e ,  o r o v i d s s  a s v s t e m a t i o  ch eck  o r  th e  e x p e r i m e n t a l
J  J- V  *•
a p p a r a t u s .
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IV RESULTS
F o r t y  e i g h t  M n ^  r u n s  w ere  c a r r i e d  o u t  in  w h ic h  lf.0,000 
t r i p l e s  w ere  c o l l e c t e d .  At t h e  c o n c l u s i o n  o f  t h e  r u n s  s e ­
q u e n c e , -  t h e  i n d i v i d u a l  a n i s o t r o p i e s  w ere  a v e r a g e d .  In t h e  
a v e r a g i n g ,  t h e  i n d i v i d u a l  r e s u l t s  were  w e i g h te d  a c c o r d i n g  t o  
t h e  i n v e r s e  s q u a r e  of  t h e i r  e r r o r s .  The Go^° c o n t r o l  e x p e r i ­
m en ts  c o n s i s t e d  o f  s i x t y  e i g h t  r u n s  in  w h ic h  7 0 ,0 0 0  t r i p l e s  
w e re  c o l l e c t e d .  These r u n s  were  a n a l y s e d  in  t h e  same way as  
t h o s e  f o r  M n ^ ,  The a n i s o t r o p i e s  w i t h  a s s o c i a t e d  e r r o r s  f o r  
b o t h  C o ^  and M n ^  a r e  l i s t e d  i n  T ab le  IV-1.
T a b le  IV-1
I s o t o p e aexp .
Mn^6 0 . 9 8 6 0 i  0 .0 1 1 1
Go60 0 . 9 9 9 7 i  0 .0 0 8 2
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V DISCUSSION OF RESULTS
The t r a n s i t i o n  s e l e c t e d  by  t h e  t r u e  c o i n c i d e n c e s  i s  
t h a t  w i t h  an end p o i n t  e n e r g y  of  0 . 7 5  Mev.. T h i s  e n e r g y  c o r ­
r e s p o n d s  t o  a  U'a/c v a lu e  o f  0 .9 1  f o r  t h e  ^  p a r t i c l e s .  The 
e n e r g y  s p e c t r u m  was c u t  o f f  a t  t h e  lo w er  end a t  a b o u t  
100 Kev. and t h e r e f o r e  e l e c t r o n s  w i t h  ^ e/c. v a l u e s  l e s s  th a n  
0 . 5 5  were  e x c l u d e d .  As a  compromise be tw een  t h e s e  two l i m i t s ,  
we t a k e
U e / c .  -  0 - 7  . ( v - l )
In  F i g u r e  V - l  i s  p l o t t e d  a g ra p h  o f  A+K ( e q u a t i o n  1 1 -2 9 )  
v e r s u s  S  • The e x p e r i m e n t a l  v a l u e ,  0 .9 8 6 0 ,  f o r  t h e  a n i s o ­
t r o p y  i n d i c a t e s  t h a t  S  l i e s  n e a r  f t  o r  ATT. We choose  t h e  
n e ig h b o u rh o o d  o f  fT , and w r i t e
S  '  ~  6 - 7 1  (V-2)
From e q u a t i o n  11-29 u s i n g  t h e  e x p e r i m e n t a l  v a l u e  o f  t h e  a n i s o -  
56t r o p y  f o r  Mrr , one o b t a i n s
s i  n S '  = O ' 3 3  i  o - 2 7  (v-3 )
I t  was s t r a i g h t f o r w a r d  t o  d e t e r m i n e  t h e  number o f  c o u n t s
i n  t h e  o b se rv e d  t r i p l e s  p e a k ;  how ever ,  t h e  d e t e r m i n a t i o n  of 
t h e  t r u e  t r i p l e s  c o u n t s  was more d i f f i c u l t  b e c a u s e  o f  t h e  f a c ­
t o r  R . With  t h e  c h o ic e  o f  R. a s  in  e q u a t i o n ' I I I - 3 , t h e  
number o f  t r i p l e s  i n  an i n d i v i d u a l  ru n  i s  a b o u t  e q u a l  t o  t h e  
number of  chance  t r i p l e s  c o l l e c t e d .  v h i l e  R do es  n o t  a f f e c t  
t h e  i n d i v i d u a l  a ; . i s o t r o p i e s  ( R c a n c e l s ) ,  i t  d o e s  a f f e c t  
t h e  i n d i v i d u a l  e r r o r s  and h s n c .■ +'he o v e r a l l  f i n a l  r e s u l t .
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The e r r o r  i n  e a c h  o f  t h e  a n i s o t r o p i e s  was a b o u t  1$.
T h is  e r r o r  c o r r e s p o n d s  t o  t h e  a c c u m u l a t i o n  o f  a b o u t  5 0 ,0 0 0  
t r i p l e s .  In  o u r  c a s e ,  t h e  a c c u m u l a t i o n  o f  $ 0 ,0 0 0  t r i p l e s  r e ­
q u i r e d  13  d a y s  o f  c o n t i n u o u s  r u n n i n g  and I4.8 s o u r c e  c h a n g e s .
To r e d u c e  t h e  e r r o r  t o  0 . 1 $ ,  one m us t  a c c u m u la te  10^ t r i p l e s .  
F u r t h e r m o r e ,  b e c a u s e  sin<5 i s  s m a l l ,  i t  would  be d e s i r a b l e - 
t o  have  an e r r o r  i n  t h e  v i c i n i t y  o f  0 .0 1 $ .  T h is  s m a l l  e r r o r  
w ou ld  r e q u i r e  t h e  a c c u m u l a t i o n  o f  a t  l e a s t  10® t r i p l e s .  An 
i n c r e a s e  in  t h e  0 ” s i n g l e s  r a t e  w ou ld  i n c r e a s e  t h e  t r i p l e s  
r a t e .  T h is  i n c r e a s e  may be a c c o m p l i s h e d  by e n l a r g i n g  t h e  
s o l i d  a n g le  s u b te n d e d  b y  t h e  p l a s t i c  p h o s p h o r  w i t h  t h e  s o u r c e .
At p r e s e n t ,  t h i s  i s  b e i n g  done.
The c h o i c e  o f  t h e  2 . 1 2  Mev. t r a n s i t i o n  r a t h e r  t h a n  t h e  
1 .8 1  Mev. t r a n s i t i o n  f o r  was made p r i n c i p a l l y  t o  d e c r e a s e  
t h e  chance  c o i n c i d e n c e s  due t o  Compton s c a t t e r i n g  in  t h e  
s c i n t i l l a t o r s .  F u r t h e r m o r e ,  t h e  m ix i n g  r a t i o  o f  t h e  2 .1 2  
Mev. t r a n s i t i o n  ( l 7 \ l = 28$) i s  l a r g e r  t h a n  t h a t  f o r  t h e  1 .8 1  Mev. 
t r a n s i t i o n  (|7|f~ 1 9 $ ) .  The 0  i n t e n s i t y ,  how ever ,  l e a d i n g  t o  th e  
2 ,1 2  Mev. t r a n s i t i o n  i s  63$ o f  t h a t  l e a d i n g  t o  t h e  1 .8 l M e v .  
t r a n s i t i o n .  I f  s i n 6 and t h e  e x p e r i m e n t a l  r u n n i n g  t im e  a re  
assumed t h e  same f o r  b o t h  s e l e c t i o n s ,  t h e  t im e  v i o l a t i o n  
te r ra  sh o u ld  be l a r g e r  f o r  Yi = 2 .1 2  Mev.. The r e l a t i v e  s t a t i s ­
t i c a l  e r r o r  sh o u ld  a l s o  be l a r g e r  f o r  t h i s  s e l e c t i o n .
V a r io u s  o t h e r  chance  e v e n t s  o t h e r  t h a n  t h o s e  m e n t io n e d  
in  I I I - D  c o u ld  a l s o  be p r e s e n t  in  t h e  d o u b le s  an '1 t r i p l e s  
s p e c t m . .  These a r e  t r i p l e  t - ' l - ' l  c o i n c i d e n c e s ,  0-)^ c a s c a d e s  
w i t h  t h e  % - r a y  Compton s c a t t e r e d  f rom  one i n t o  a n o t h e r  ^
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d e t e c t o r ,  c a s c a d e s  w i t h  a t h i r d  ^ - r a y  due t o  b r e m s s t r a h
l u n g  o f  t h e  0  p a r t i c l e .  A l l  t h e s e  e f f e c t s  a r e  made n e g l i g i  
b l y  s m a l l  by t h e  s u i t a b l e  c h o ic e  o f  d i s c r i m i n a t o r  b i a s e s  and 
by t h e  t h i n n e s s  o f  t h e  p l a s t i c  s c i n t i l l a t o r .
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